INTRODUCTION
Rolling contact fatigue (RCF) arises because of the rolling/sliding contact stresses that occur between rail and wheel. These stresses lead to severe plastic deformation of the railhead, with RCF cracks occurring once the ductility of the surface layer has been exhausted, result in high maintenance costs or, if left untreated, possible failure of the rail.
Another consequence of this plastic deformation is the formation of white etching layer (WEL) while the rail is in service. This is a martensitic layer created from the deformed pearlite by the dissolution of carbides and the super saturation of ferrite, combined with grain refinement to a nanocrystalline structure. This is facilitated by the high dislocation density created by the surface deformation [1] .
In recent years, WEL has generated considerable research interest but this has been involved with its structure and mechanism of formation [2] , there has been little research on its behavior under rolling contact fatigue conditions. This investigation has used twin disc testing, to simulate the conditions encountered on the railhead, to investigate the behavior of WEL simulated in the laboratory. To facilitate the transfer of the results from the laboratory to the railway, examination of WEL and cracks on rail removed from service were examined.
PROCEDURE
The Sheffield University rolling/sliding (SUROS) test machine is a converted lathe that allows two 47mm diameter discs to be run against each other with tangential and normal forces [3] . The conditions used for the majority of the tests were a Hertzian contact pressure of 1500MPa, a creepage of -1% and lubrication by distilled water at one drip per second. Cracks in the rail disc are monitored using an eddy current device, with the longest crack being found after the test, the disc was sectioned and prepared for microscopy.
The rail steel used for all experiments is EN13674-1 grade 220 (0.56wt%C, 0.2%Si, 1%Mn) with a hardness of 230HV; this is the standard rail used by Network Rail in the UK.
White etching layer has been simulated using SUROS to plastically deform the surface of the disc, this created a continuous layer of white layer, 40 m thick, with a hardness of 840HV. The majority of tests have unidirectional plastic strain but several have been conducted where the deformation to create the white layer is in the opposite direction to that during the rolling/sliding test. Tests have also been conducted under pure rolling conditions, with no tangential traction present. Tests have also been conducted on samples without WEL for comparison.
RESULTS AND DISCUSSION
Cracks have been found to develop and propagate from the surface of the white etching layer in the early stages (<2000 cycles) of the test, because of its brittle nature. These cracks are initiated by the tensile/shear stresses imparted by the wheel rolling and sliding on the rail disc. No cracks have been found under pure rolling conditions when no tensile/shear stresses are present at the surface. After growing through the WEL, the cracks transfer to the pearlite and propagate in one of several ways.
The most important cracks are seen in figure 1 with the crack propagating in the same direction as the deformed pearlite, the longest of these cracks has reached 2.5mm and has turned down into the bulk of the sample. These cracks only occur in the unidirectional tests because of ductility exhaustion of the subsurface pearlite, which does not occur under reversed conditions. A second type of crack occurs in both the unidirectional and reversed test, figure 2, but does not propagate deep into the sample resulting in the WEL spalling 
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off by the joining up of cracks, increasing the wear of the samples.
The crack lengths for all tests are plotted against the number of cycles showing how the cracks develop during the tests, figure 3 . The results show that the initial crack growth, up to 10000 cycles are similar for tests with a tractive force and is greater than those without WEL showing how easy it is for cracks to initiate within it. Test durations of greater than 10000 cycles for the unidirectional tests show crack lengths much greater than for any other tests, because of the ductility exhaustion of the subsurface pearlite along with the initial cracks being orientated so they can grow by the fluid pressure mechanism [4] . The reversed tests show similar crack lengths for all tests because the strain is in the opposite direction; therefore, ductility exhaustion of the pearlite has not been reached [5] .
White etching layer observed on a railhead has been found to have a slightly lower hardness, 780HV, than those created on rail discs of 840HV, an example is shown in figure 4 associated with a RCF crack that has initiated on the right hand side of the image. The initiation of the crack is closely associated either with the interface due to the ductility difference between the pearlite and the martensite or along proeutectoid ferrite. Several other cracks within the white layer have initiated from the surface by the tensile stresses in a similar manner to those during twin disc testing, plastic flow of the pearlite into these cracks has started to occur
CONCLUSIONS
Twin disc testing of white etching layer simulated through deformation has shown that it is less resistant to rolling contact fatigue, than surface pearlite, because of subsurface ductility exhaustion. Cracks in rail have been found to initiate close to the interface between the WEL and the bulk material due to ductility differences but cracks can also initiate within the WEL along proeutectoid ferrite. WEL will be detrimental to the life of rail either by the promotion of RCF crack growth or by increasing the wear of the rail. Figure 1 : RCF crack initiating in WEL and propagating into pearlite during unidirectional twin disc testing. 
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